Small proteins likely abound in prokaryotes, and may mediate much of the communication 10 that occurs between organisms within a microbiome and their host. Unfortunately, small proteins 11 are traditionally overlooked in biology, in part due to the computational and experimental 12 difficulties in detecting them. To systematically identify novel small proteins, we carried out a 13 large comparative genomics study on 1,773 HMP human-associated metagenomes from four 14 different body sites (mouth, gut, skin and vagina). We describe more than four thousand conserved 15 protein families, the majority of which are novel; ~30% of these protein families are predicted to 16 be secreted or transmembrane. Over 90% of the small protein families have no known domain, 17 and almost half are not represented in reference genomes, emphasizing the incompleteness of 18 knowledge in this space. Our analysis exposes putative novel 'housekeeping' small protein 19
Introduction 31
Numerous studies have correlated the microbiota with human health and disease states (Ley et studies have illuminated the remarkable genetic diversity encoded by human-associated microbes, 43 our ability to link specific genes, molecules or pathways to phenotypes is still lagging behind 44 (Koppel and Balskus, 2016 ). One of the major challenges in linking genes to phenotypes is that 45 the process of gene annotation is incomplete, and overlooks an entire class of potentially important 46
genes. 47
To identify novel sORFs with high precision and minimize false positive findings, we leveraged 90 the concept that sORFs that are transcribed, translated and functional likely have protein sequences 91 that are conserved across species. Our analysis reveals 4,539 small protein families encoded by 92 human-associated microbes. Based on the rigorous method used for sORF identification, we have 93 high confidence that this database of approximately four thousand small proteins does not contain 94 spurious predictions. Intriguingly, very few proteins found to be abundant in human-associated 95 microbes have been thoroughly characterized. 96
For each family of homologous small proteins, we provide detailed information about its 97 taxonomic classification, prevalence across human-metagenomes and across body sites, predicted 98 cellular localization (secreted/transmembrane) and the presence or absence of homologs of the 99 families among ~6,000 non-human metagenomes. Since gene context can inform predictions of 100 function in bacterial genomes, we also provide information about genes that are encoded in the 101 vicinity of representatives of each sORF family. 102
Using this integrated approach, we highlight several novel small proteins with diverse predicted 103 functions. We describe a group of small proteins that are extremely prevalent, one of which is 104 likely to be a novel ribosomally associated protein and another that is an abundant post-105 translationally modified small protein; we expose small proteins that are potentially involved in 106 the crosstalk with the host or with other microbial cells; we find small proteins that are likely 107 subject to horizontal gene transfer and highlight small protein families that could be related to 108 defense against phage or against other bacteria; finally, we enumerate small protein families 109 originating from the non-bacterial fraction of the human microbiome. 110
Altogether, we present a rich resource of sORFs encoded by human-associated microorganisms, 111 and provide insights into the potential functions of these proteins, which we anticipate will inform 112 future studies in the human associated proteome. Building an accurate understanding of the full 113 coding potential encoded by the human microbiome, including the thus far overlooked sORFs, is 114 a fundamental step towards understanding of the mechanisms that underlie the role of the 115 microbiome in health and disease. 116
117

Results
119
Only a small subset of well characterized small proteins are relevant to the human microbiome 120
To explore the small proteins encoded by the human microbiome, we first asked whether small 121 proteins that have already been studied and characterized are present in the human microbiome. 122
Small proteins that have been studied in depth generally originate from model organisms (reviewed 123 in Duval and Cossart, 2017; Storz et al., 2014) . To infer their potential relevance to the human 124 microbiome, we sought to identify those sORFs that are also encoded by organisms that are 125 prevalent in human-associated microbial communities. In order not to limit our search to species 126 that have a reference genome, we undertook a reference-free approach and conducted our analysis 127 directly on metagenomic sequencing data. We chose to work with the recently released HMPI-II 128 dataset (Lloyd-Price et al., 2017) that includes shotgun sequenced human-associated metagenomes 129 from healthy subjects. We used the gene prediction tool MetaProdigal (Hyatt et al., 2012) resulting set of ORFs, we filtered out ORFs that encode for proteins that are greater than 50 amino 136 acids in length, without any lower limit threshold, resulting in a set of 2,514,099 small ORFs 137 ranging in size from eight amino acids to 50 amino acids ( Figure 1A) . 138 than 128M contigs were annotated using MetaProdigal with a lower size limit of five amino acids. 142
The small proteins were then clustered using CD-Hit based on amino acid similarity and protein 143 length. Representatives of each of the ~444 thousand clusters were queried against the Conserved 144 Domain Database (CDD), to assign domains to clusters. SpoVM, SgrT, Hok, TisB, phenol-soluble modulins as well as small ribosomal proteins). To 164 determine which of the ~2.5M putative small proteins contains one of these domains, we first had 165 to assign domains to the putative HMP small proteins. To reduce computational load associated 166 with analysis of such large amounts of sequences, we started by clustering all ~2.5M putative small 167 protein sequences based on sequence and length similarity using CD-Hit (Fu et Table S3) . 176 177 Only ~4.5% (113,693/2,514,099) of the putative small proteins, spanning ~0.5% (2,225/444,054) 178 of the clusters, could be assigned a known domain (Supplementary Table S3 ). Among the assigned 179 sequences, the most common type of domains that could be identified are of diverse small ribosomal 180 proteins, assigned to ~64% of all domain-assigned small proteins (72,982/113,693). In addition, we 181 found small proteins that were identified in model organisms that are known inhabitants of the 182 human microbiome. For example, ~3.5% of small proteins that were assigned a domain 183 (3,930/113,693) were homologous to the extensively studied quorum sensing small protein, 184
Staphylococcal AgrD. Homologs of AgrD were clustered into 153 clusters, suggesting rapid 185 evolution of the proteins since the sequences were divergent enough to cluster independently of one 186
another. This is in line with what has been previously documented for AgrD; specifically, it hasbeen shown that AgrD has a highly variable sequence, which is presumed to result in varied 188 signaling specificities (Hyatt et al., 2012 We were intrigued that such a small proportion of previously described small proteins were present 213 in the human-associated microbiomes. We thus sought to better understand what types of small 214 proteins exist in this unexplored space. 215
216
As a first step, we revisited the 444,054 clusters (Table S3 ) of potential small proteins that were 217 generated in the previous step of our analysis ( Figure 1A ). Since most were not assigned a known 218 functional domain, which raised the concern for potential presence of spurious sORFs in this 219 dataset, we sought to enrich for families that are more likely to be genuine, protein-coding families. 220
221
To enrich for protein-coding sequences, we used RNAcode (Washietl et (Figure 2A Since most families in our dataset do not have an assigned protein domain nor do they have well 286 characterized homologs from which we can try to infer function, we used the following approaches to 287 provide insight into the potential functions of these small proteins ( Figure 1B ). Briefly, we analyze 288 the taxonomy, the prevalence of families across samples, body sites, and non-human metagenomes, 289
we predict their cellular localization (secreted/transmembrane/other), and since gene context is very 290 informative in deciphering function in bacterial genomics, we also provide information about genes 291 that are encoded in close vicinity (up to 10 genes away) to the small proteins. In the next sections we 292 focus on specific classes of small proteins. The examples we provide are probably merely the 'tip of 293 the iceberg' of potential functions encoded by small proteins. Supplementary Table S5 provides  294 detailed information about all families. 295
Putative novel 'housekeeping' small protein families among human-associated microbes 296
297
We next sought to identify small protein families that could be playing housekeeping roles. We 298 posited that such protein families would be highly conserved across the tree of life, and thus 299 searched for small protein families that are prevalent across species. To characterize the taxonomic 300 distribution of families, we classified each of the contigs that encoded small proteins against a set 301 of 83,701 microbial reference genomes, consisting of 53,193 Bacteria, 27,020 Viruses, 1,892 302 Eukaryota (fungi and protozoa) and 1,756 Archaea genomes, using the k-mer based One Codex 303 platform (Minot et al., 2015) . Briefly, every k-mer in each contig was classified to its lowest 304 common ancestor (LCA) across the One Codex database. Each contig was then assigned based on 305 the results of its constituent k-mers. This contig-level classification was made by determining the 306 taxonomic ID with the highest weighted root-to-leaf path across all k-mers within the contig. 307
Given that housekeeping proteins are expected to be conserved across the tree of life, we focused 309 our next analysis on the 14 most prevalent families, that are encoded by 100 species 310 (Supplementary Table S5 and Figure 3A) . First, we characterized the taxonomic composition of 311 these families. In all 14 small protein families, the average percentage of k-mers that could be 312 classified is >10%, implying that classification is likely reliable in these families. Whereas most 313 families in the overall dataset are taxonomically unique to one (2,353, 52%) or two (1,183, 26%) 314 phyla, there is a strong enrichment among the 14 most prevalent families for presence in multiple 315 phyla ( Figure 3B ), suggesting a role that is not clade-specific. Second, we determined whether 316 these families are specific to a particular ecological niche. To characterize the niches in which 317 small proteins are encoded, we mapped each family to the body sites in which homologs of the 318 family were identified. Whereas most small protein families are identified uniquely in mouth 319
(1,188, 26%) or gut (2,220, 48%) (Supplementary Table S5 ), thirteen of the 14 most prevalent 320 families were identified in 3 body sites, suggesting a role that is not niche specific ( Figure 3A) . 321
Since the HMP data resource we used for this study has a relatively limited representation of skin 322 and vagina samples (Supplementary Table S2 ), it is possible that families that seem absent from 323 one of these body sites are actually present but not detected. 324
Finally, positing that true housekeeping genes are likely to be conserved among a broad range of 325 ecological niches, we tested whether these 14 prevalent families are more likely to have homologs 326 in non-human metagenomes than the remainder of the ~4k small protein families defined earlier. 327
To do so, we checked for sequence homology of the ~4k small proteins within a set of 5,829 non-328 human metagenomes, including mammalian and bird gut metagenomes, as well as environmental 329 samples of different types (Methods and Supplementary Table S6 ). While we could not identify 330 homologs in non-human metagenomes for the majority of small protein families (3,551, 78%), we 331 were able to identify homologs in at least one non-human environment for all 14 families (Figure  332 3A). Altogether, the taxonomic abundance and the existence in multiple niches of these 14 families 333 suggest a role that is not clade or niche specific. These two traits are associated with proteins that 334 play housekeeping roles. Indeed, among these 14 potential 'housekeeping' families, six encode for 335 different ribosomal proteins, a known class of housekeeping proteins. Among the remaining eight 336 families, three were assigned a CDD domain and five were not. Two of the CDD-assigned families 337 (#10 and #58352) were assigned the 'SCIFF' ("six cysteines in forty-five residues") domain. Thisdomain is associated with a small ribosomally-synthesized natural product that is post 339 translationally modified by a radical SAM maturase enzyme (Haft and Basu, 2011; Haft and Haft, 340 2017 ). The biological function of this small protein is unknown. Another domain, assigned to 341 family #26, is a DUF4295 domain, which we address below. Finally, there are five families that 342
were not assigned a protein domain, two of which are predicted to be transmembrane. 343 Family #26 is among the 14 families that are very abundant that were assigned a domain of 361 unknown function (Figure 3C-D) . This family encodes a 50-amino acid protein and was assigned 362 the domain DUF4295. It was detected in 182 species originating from four different phyla 363 (Supplementary Table S5 ). We identified homologs of this protein in diverse non-human 364 metagenomes and in a high percentage of gut and mouth samples, as well as in vaginal samples 365 (Supplementary Table S5 ). DUF4295 drew our specific attention because the sORF is located in a 366 strongly conserved genomic locus, downstream of two known ribosomal proteins, L28 and L33 367 ( Figure 3D ). In light of its wide phylogenetic distribution and genomic localization, we 368 hypothesize that this small protein family is a novel small ribosomally associated protein that has 369 thus far escaped detection. In the lab strain Bacteroides thetaiotaomicron VPI-5482, the small gene 370 encoding this protein was not annotated, as is the case for many small proteins, but nevertheless is 371 encoded in the intergenic region downstream these two genes ( Figure 3D) . 372 373 Interestingly, this family is likely larger than is represented by family #26, alone. We identified 374 another family, family #7858, which also encodes for the DUF4295 domain (Supplementary Table  375 S5). It is encoded by three different phyla but since these originate from a relatively small number 376 of species (26 species), it did not pass the required threshold (requiring 100 species) described 377 above. However, it displays significant sequence homology to family 26 (Supplementary Figure  378   5 ) and is also found next to two ribosomal proteins; it is found in 85% of mouth samples (but notin any gut samples) as well as in diverse non-human environments. Altogether, we hypothesize 380 that DUF4295 is a novel ribosomally associated domain. 381
382
Small protein families that are 'core' to specific body site or sites 383
Next, we asked which small protein families in our dataset could be playing roles that are 384 associated with a specific body niche. To identify the body site(s) with which each family is 385 associated, we mapped all contigs associated with the ~4 thousand protein families back to body 386 site from which these contigs were assembled. Contigs originating from human gut samples are 387 dominated by Bacteroidaceae and Ruminococcacea families; those from mouth samples are 388 dominated by the Streptococcus, skin sORFs are dominated Staphylococcus and finally, vaginal 389 sORFs are dominated by Lactobacillus and Prevotella (Supplementary Table S7 ). This is in line 390 with previous studies that showed dominance of these taxonomic clades in these body sites (Lloyd- Table S5 ). In line with the fact that 68% of the sampled analyzed here are 396 mouth samples, followed by 26% samples that are gut samples, mouth samples 'contribute' the 397 largest amount of 'core' families, followed by mouth, skin and vagina (Figure 4) . In most cases, 398 "coreness" of a family is associated with a specific body site. It should be noted, that there are 399 families that were detected in >50% of samples originating from one body site and in <50% of 400 samples originating from another body site. In other words, families that are not 'core' to a specific 401 body site are not necessarily completely absent from it (Supplementary Table S5 ). 402 Table S5) . Not 410 surprisingly, most (8/9) of these families are part of the list of potential housekeeping families (see 411 above), that were identified based on their wide phyletic occurrence (i.e., in 100 species). 412
413
The one family that is core in mouth and in gut but has a relatively narrow phylogenetic 414 distribution (identified here in 33 species) is family #125536. This family codes for a 46-amino 415 acid transmembrane protein. We hypothesize that this family is subject to horizontal transfer 416 based on two observations (see section about horizontal transfer below). First, the small gene is 417 found in the vicinity of genes that are known to participate in mobilization of DNA. Second, the 418 family displays a sporadic distribution across multiple Firmicutes classes (Supplementary Table  419 S5). Three of the families that are core to skin and were classified to multiple Staphylococcus 420 species are homologs to beta class phenol-soluble modulin proteins (Supplementary Figure 6) , a 421 family of toxins that have multiple roles in staphylococcal pathogenesis (Cheung et al., 2014) . Putative novel signaling molecule that is presumably subject to horizontal transfer. Schematic 493 representation of genes encoded on contigs of family #155173. In addition to Agr genes, these 494 contigs typically harbor genes that are associated with horizontal transfer. 495 496
We were intrigued by the genomic neighborhood of family #155173, which was identified in over 497 40% of gut samples. Homologs of this 44-amino acid secreted protein are recurrently found 498 upstream of three genes: a transmembrane protein annotated as AgrB, a histidine kinase and aresponse regulator ( Figure 5D ). This composition of genes strongly resembles the composition of 500 the quorum sensing Agr operon, which consists of the short signaling peptide (AgrD), a 501 transmembrane protein (AgrB), and a two component system composed of a histidine kinase 502 (AgrC) and a response regulator (AgrA) (Olson et al., 2014) . The small protein identified here was 503 not assigned a domain in our query against CDD domains. However, the genomic localization of 504 this secreted protein, next to AgrB and a two-component system, in addition to the similarity in 505 size to AgrD, suggest that these four genes encode for a quorum sensing system, in which the 506 signaling molecule component is a distant homolog/analog of AgrD. Intriguingly, we also 507 observed in vicinity the presence of genes that mediate horizontal gene transfer, suggesting that 508 this cluster of genes is subject to horizontal transfer ( Figure 5D ). The potential of the Agr quorum 509 sensing system to undergo horizontal transfer has been suggested before, when homologs of the 510
Agr genes were identified on the genome of a C. difficile temperate phage (Hargreaves et al., 2014) , 511 and here we provide additional support to this model. 512
513
Small protein families with a potential role in bacterial defense against phage 514
The most abundant biological entity within the gut microbiome are viruses, the majority of which 515 are bacteriophages that prey on bacteria (Mirzaei and Maurice, 2017). As a result, bacteria have 516 evolved a variety of defense systems that protect them from phage attack, including restriction-517 modification systems, CRISPR, toxin-antitoxin and more (Dy et al., 2014; Koonin et al., 2017; 518 Stern and Sorek, 2011). Defense genes tend to cluster in distinct mobile genomic regions, denoted 519 'defense islands' (Koonin et al., 2017) . This notion has been recently used to identify multiple 520 novel defense systems based on their localization within 'defense islands' (Doron et al., 2018) . 521 522 Here, we were interested in identifying small proteins that could be associated with defense against 523 phage. Small defense-related proteins are easily be missed in bioinformatic studies, such as the 524 recent systematic study that aimed at identifying CRISPR-Cas related genes, which applied an 525 inclusion cutoff of 100 amino acids (Shmakov et al., 2018) , or studies that rely on domain 526 annotation of protein families (Doron et al., 2018) . 527
528
To identify small protein families that could be related to bacterial defense against phage, we 529 identified the longest contig associated with each of the ~4k families (since short contigs code for 530 fewer genes and are thus less informative) and screened them for the presence of known defense 531 genes within 10 genes from the small protein. To identify defense genes, we used a list that was 532 recently compiled by Doron et al. that contains 427 different COGs/Pfams of known defense genes 533 (Doron et al., 2018) . Based on this screen, we were able to identify 185 small protein families that 534 may be associated with defense against phage (Supplementary Table S5 ). This group includes 27 535 small protein families that are encoded within the vicinity of CRISPR genes (Supplementary Table  536 S5). 537
538
We took a more detailed look at two of the potential defense-related small proteins identified in 539 our screen. Family #395508 is an example of a potential CRISPR-related small protein. Here, we attempted to identify small protein families that could be part of the bacterial 'mobilome'. 565
A hallmark of genomic regions that are subject to HGT is the presence of genes that mediate 566 horizontal transfer, including integrase and transposase (Oliveira et al., 2017) . In addition, since 567 horizontal transfer spreads genes between potentially distant bacterial lineages, genes that are 568 subject to horizontal transfer may display a distribution that is discordant with the organismal tree 569 of life (i.e. 'patchy distribution') (Cordero and Hogeweg, 2009 ). We used these two characteristics 570 to identify a subset of genes that is potentially subject to HGT. 571 572 First, we used the longest contig in each family to search among the ~4k small protein families for 573 those that are encoded in the vicinity (10 genes away) of genes that are known to mediate 574 horizontal transfer (transposase/integrase, see 'Methods' section). This resulted in a set of 634 575 (14%, 634/4,539) small protein families (Supplementary Table S5 ). We characterized the 576 phylogenetic distribution of these 634 families. Families that display a patchy distribution are more 577 likely to be horizontally transferred. A patchy distribution is associated with families that are 578 identified in a relatively small number of species across multiple clades ( Figure 7A family #380637 that was identified in 20 different Staphylococcus species), within family (e.g. 587 family #12290 that was identified in 4 different Ruminococcaceae genera), within order (e.g. 588 family #409298 that was identified in 8 different Clostridiales families), within class (e.g. family 589
#420 that was identified in 3 Actinobacteria different orders), within phylum (e.g. family #222777 590 that was identified in 3 different Firmicutes classes) and even between phyla or between organisms 591 belonging to different life domains. However, since a patchy distribution could be a result of 592 sampling biases, our approach is more powered to detect HGT events between higher clades, such 593 as between phyla. For a vertically transmitted gene to have a sporadic distribution across phyla, 594 multiple deletion events of the gene across the tree should have occurred, which is less likely. 595
596
The 634 families that were identified in the screen for HGT-associated genes and were also 597 mapped to multiple life domains and/or multiple phyla represent potential inter-phyla HGT events 598 ( Figure 7B ). To enrich for small protein families in which the taxonomic classification is more 599 reliable, we filtered out small protein families in which the median percentage of k-mers that could 600 be classified is <10%, resulting in 401 small protein families. Accumulating evidence suggests that small proteins play important roles in bacterial physiology. 620
However, due to computational and experimental limitations, this class of proteins is consistently 621 overlooked. Here, we focused on small proteins encoded by the human microbiome. We were 622 interested in small proteins within this niche for several reasons. In terms of size, small proteins 623 can represent a 'bridge' between the small molecule (natural product) world, a rich source of 624 biologically active molecules such as antibiotics, and the larger protein world. As such, they are 625 likely to display a range of activities that would resemble either class and thus operate at microbe-626 host interface. While natural products have attracted much attention and investigation (Donia et we assign putative functions to a subset of the families. To the best of our knowledge, this is the 641 first exhaustive characterization of small proteins encoded by the human microbiome. This study 642 only scratched the surface of what seems to be the full potential hidden in the human-associatedsmall microbial protein space. We expect that data presented and the approaches used in this study
